During intravascular hemolysis in human disease, vasomotor tone and organ perfusion may be impaired by the increased reactivity of cell-free plasma hemoglobin (Hb) with NO. We experimentally produced acute intravascular hemolysis in a canine model in order to test the hypothesis that low levels of decompartmentalized or cell-free plasma Hb will severely reduce NO bioavailability and produce vasomotor instability. Importantly, in this model the total intravascular Hb level is unchanged; only the compartmentalization of Hb within the erythrocyte membrane is disrupted. Using a full-factorial design, we demonstrate that free waterinduced intravascular hemolysis produces dose-dependent systemic vasoconstriction and impairs renal function. We find that these physiologic changes are secondary to the stoichiometric oxidation of endogenous NO by cell-free plasma oxyhemoglobin. In this model, 80 ppm of inhaled NO gas oxidized 85-90% of plasma oxyhemoglobin to methemoglobin, thereby inhibiting endogenous NO scavenging by cell-free Hb. As a result, the vasoconstriction caused by acute hemolysis was attenuated and the responsiveness to systemically infused NO donors was restored. These observations confirm that the acute toxicity of intravascular hemolysis occurs secondarily to the accelerated dioxygenation reaction of plasma oxyhemoglobin with endothelium-derived NO to form bioinactive nitrate. These biochemical and physiological studies demonstrate a major role for the intact erythrocyte in NO homeostasis and provide mechanistic support for the existence of a human syndrome of hemolysis-associated NO dysregulation, which may contribute to the vasculopathy of hereditary, acquired, and iatrogenic hemolytic states. Introduction NO is continuously synthesized from endothelium and regulates homeostatic vascular functions such as vasodilation, inhibition of platelet activation and thrombosis, inhibition of endothelial adhesion molecule and endothelin-1 expression, and modulation of intimal and smooth muscle proliferation (1-5). A paradox and controversy in vascular biology surrounds the near diffusion-limited dioxygenation reaction of NO with oxyhemoglobin that oxidizes NO to nitrate, an inactive metabolite (Reaction 1).
Introduction
NO is continuously synthesized from endothelium and regulates homeostatic vascular functions such as vasodilation, inhibition of platelet activation and thrombosis, inhibition of endothelial adhesion molecule and endothelin-1 expression, and modulation of intimal and smooth muscle proliferation (1) (2) (3) (4) (5) . A paradox and controversy in vascular biology surrounds the near diffusion-limited dioxygenation reaction of NO with oxyhemoglobin that oxidizes NO to nitrate, an inactive metabolite (Reaction 1).
Reaction 1
where HbFe II -O 2 is ferrous oxyhemoglobin and HbFe III is methemoglobin.
The rapid (10 7 M -1 s-1) and irreversible nature of this reaction in the context of an extremely high concentration of intravascular oxyheme groups (10,000 µM) suggests that endothelium-derived NO should be incapable of autocrine diffusion to smooth muscle secondary to rapid inactivation (6) (7) (8) (9) . Indeed, even hemoglobin (Hb; at 6 µM oxyheme) in buffer completely inhibits endothelium-dependent blood flow in aortic ring bioassays and produces vasoconstriction in vivo (10) . It is believed that the compartmentalization of Hb within the erythrocyte limits this inactivation reaction. In vitro studies suggest that combined NO diffusional barriers along the endothelium in laminar flowing blood (11) (12) (13) , in the unstirred layer around the erythrocyte (14, 15) , and in the submembrane protein scaffolding of the erythrocyte (16, 17) reduce the reaction rate of NO with intracellular Hb by 100- to 1,000-fold. In addition to the formation of diffusional barriers, the erythrocyte limits Hb extravasation into the extracellular space (10) .
While a physiological role for the erythrocyte in modulating the NO-Hb reaction is supported by the observed vasoconstrictive effects and systemic toxicity of cell-free, Hb-based blood substitutes (6, 7) , and is consistent with the endothelial dysfunction recently described in sickle cell disease (18, 19) , the idea that hemolysis producing levels of plasma Hb of only 20-150 µM (heme concentration) can significantly affect vascular physiology is not universally accepted. Indeed, a role for Hb in mediating NO scavenging and for the erythrocyte in limiting this process has been challenged on conceptual grounds (20) (21) (22) . In addition, the primary mechanism for the vasoactivity of cell-free Hb-based blood substitutes remains controversial and has been attributed to both NO scavenging (23) and the premature delivery of oxygen to the systemic arterioles (24, 25) , both of which mediate vasoconstriction.
In response to the uncertainty surrounding the relationship between Hb decompartmentalization and NO consumption, we have developed a canine model of intravascular hemolysis to test 3 major hypotheses: (a) simple cellular compartmentalization of Hb within the erythrocyte greatly limits the dioxygenation reaction of Hb with endothelially derived NO; (b) intravascular hemolysis produces a state of resistance to endogenously produced and exogenously delivered NO; and (c) inhaled NO gas will selectively oxidize the plasma HbFe II -O 2 to methemoglobin, which will inhibit endogenous NO consumption and systemic vasoconstriction during hemolysis. , which stoichiometrically consumes NO and impairs systemic and renal perfusion. Free water-induced hemolysis produces direct intravascular hemolysis, thereby maintaining the same intravascular concentration of Hb during hemolysis. Only the cellular compartmentalization of the Hb is disrupted in these experiments. Model-building experiments demonstrated that the amount of intravascular hemolysis was dependent on the rate and duration of free water infusion ( Figure 1A ). Infusion rates of 16 ml/kg/h produced steady rises in plasma Hb to concentrations of 200-300 µM (concentration in terms of heme) over a 6-hour infusion. During hemolysis, total Hb levels were unchanged and hematocrit (Hct) was unchanged, reflecting the fact that levels of plasma Hb of 200 µM represent hemolysis of only 2% of all erythrocytes. In this model, cell-free plasma Hb released from the erythrocytes remained 92% HbFe II -O 2 , and the plasma oxyhemoglobin concentration (in terms of heme) correlated with increased plasma NO consumption in a 1:1 stoichiometric ratio ( Figure 1B ).
Results

Free water-induced intravascular hemolysis produces dose-and time-dependent increases in plasma HbFe
In paired 6-hour pilot experiments, the physiologic responses to 5% dextrose water (D5W) and normal saline were similar (P = NS) and produced no measurable intravascular hemolysis. D5W was chosen as the control fluid for the full-factorial design to control for the hypotonic effects of free water. Consistent with the observed stoichiometric consumption of NO by plasma Hb produced during free water infusion ( Figure 1B ), free water infusion produced significant increases in mean arterial pressure (MAP)
Figure 1
Characteristics of the canine free water hemolysis model. (A) Increasing rates of free water infusion caused increased rates of hemolysis with higher total plasma Hb levels (concentration in terms of heme groups). (B) The amount of plasma Hb (concentration in terms of heme groups) released by free water-induced intravascular hemolysis remained ferrous (HbFe II -O2) and correlated with the ability of the plasma to consume NO in a 1:1 stoichiometric ratio (r = 0.98; P < 0.001). The inset represents a sample spectrum of the Hb species in the plasma, which demonstrates that the cell-free plasma Hb consists predominantly of oxyhemoglobin. (C and D) Compared with 6-hour control infusions (D5W and normal saline combined), 6-hour infusions of free water caused a significant increase in MAP (C; P = 0.0004) and a significant decrease in 6-hour creatinine clearance (D; P = 0.03) from time 0.
Figure 2
Full-factorial study design of the effects of intravascular hemolysis and inhaled NO. In order to minimize variability and limit the number of animals necessary to perform these studies, each animal underwent a baseline and intervention experiment. During the first week, each animal underwent a 6-hour baseline study with an infusion of D5W to control for the effects of the fluid challenge. During the second week, animals underwent a 6-hour intervention study in which they were randomized to receive 1 of 4 treatments (D5W; D5W plus inhaled NO; free water; or free water plus inhaled NO). This design allowed for the comparison of differences across treatment groups by subtracting calculated differences within animals (from baseline to intervention) in each treatment group. Comparison of these differences of the differences allowed for analysis of the effects of hemolysis, the effects of inhaled NO, and detection of any interaction between the 2 interventions.
( Figure 1C ) and a significant decrease in creatinine clearance over a 6-hour infusion ( Figure 1D ) compared with control infusions (D5W and normal saline combined).
Effects of hemolysis and inhaled NO on cardiovascular physiology and end-organ function. In order to test the effects of intravascular hemolysis on systemic perfusion and the role of Hb-based NO scavenging as a mechanism for hemodynamic perturbations, full-factorial experiments were performed using 4 experimental interventions ( Figure 2 ). In these experiments, hemolysis produced increases in MAP and systemic vascular resistance index (SVRI) and a decrease in cardiac index (CI). Consistent with this effect being mediated by NO scavenging by plasma oxyhemoglobin, there was a significant interaction between the presence or absence of hemolysis and the effects of inhaled NO on MAP (P = 0.0003 for interaction of NO and hemolysis; Figures 3 and 4), SVRI (P = 0.0003 for interaction of NO and hemolysis; Figure 4) , and CI (P = 0.02 for interaction of NO and hemolysis; data not shown). Inhaled NO attenuated hemolysis-induced increases in MAP and SVRI, and hemolysis induced decreases in CI. In contrast, inhaled NO did not change hemodynamic parameters in nonhemolyzing animals. These data indicate that the effects of inhaled NO during hemolysis were secondary to the direct attenuation of the vasomotor effects of cell-free plasma Hb on the vasculature and not to inhaled NOinduced systemic vasodilatation.
The observed increases in total plasma Hb levels were similar in both groups of hemolyzing animals with and without NO gas inhalation. However, the relationship between increasing MAP and total plasma Hb concentration, and SVRI and total plasma Hb, differed based on the administration of NO gas (P = 0.003 and P = 0.001 respectively; Figure 4) . Thus, as total plasma Hb levels increased, the associated increase in MAP and SVRI was blunted with NO gas inhalation. These results reveal that exogenous NO attenuates the hemodynamic vasopressor effects of hemolysis without changing cell-free Hb levels. This is consistent with an inhibition of the ability of circulating Hb to scavenge systemic NO in the presence of inhaled NO.
Hemolysis also reduced the ability of the kidneys to compensate for infusion-related hyponatremia and led to a decrease in creatinine clearance. This renal dysfunction was attenuated by inhaled NO (P = 0.04 for interaction of NO and hemolysis and P = 0.01 for ordering of the 4 treatment groups; Figure 5 , A and B).
In animals receiving free water infusion (with and without NO gas inhalation), plasma haptoglobin levels rapidly decreased to less than 33% of baseline values during the 6-hour infusion (measured by Western blotting; data not shown).
Vasopressor effects of hemolysis are mediated by the dioxygenation reaction of plasma oxyhemoglobin with NO and inhibited by conversion of plasma oxyhemoglobin to methemoglobin during NO inhalation. During free water-induced hemolysis,
plasma NO consumption increased in an approximate 1:1 ratio with total plasma Hb levels ( Figure 6A ). Spectral deconvolution of the plasma Hb species in hemolyzing animals demonstrated that the plasma Hb was 92% HbFe II -O 2 . In contrast, in hemolyzing animals treated with inhaled NO, there was limited plasma NO consumption despite increasing total Hb levels. Spectral deconvolution of plasma in these animals revealed that the plasma Hb consisted of predominantly methemoglobin in hemolyzing animals receiving inhaled NO. Therefore, inhaled NO attenuated the physiologic effects of free water-induced intravascular hemolysis by altering the ability of the plasma Hb to react with endogenous NO. During hemolysis, oxyhemoglobin consumes endothelium-derived NO and disrupts vasomotor balance. However, the administration of NO maintains vasomotor tone by converting oxyhemoglobin to methemoglobin, which does not consume endothelium-derived NO.
Effects of hemolysis and inhaled NO on hemodynamic responses to sodium nitroprusside, an infused NO donor. Sodium nitroprusside was administered to all animals during intervention experiments of the full-factorial study of inhaled NO and intravascular hemolysis in order to provide further evidence that plasma Hb released during hemolysis reacts with intravascular NO, thereby leading to systemic vasoconstriction. Sodium nitroprusside decreased SVRI and increased CI in a dose-dependent manner. The presence of hemolysis attenuated the expected vasodilatory response to escalating doses of sodium nitroprusside; however, concomitant inhalation of NO gas restored the expected nitroprusside response toward that of the nonhemolytic controls (P = 0.005 and 0.02 for SVRI and CI, respectively; Figure 7 ). Similar but not statistically significant patterns of response to increas-
Figure 3
Effects of hemolysis and inhaled NO on MAP. In paired experiments, all animals received a 6-hour D5W infusion during the baseline study and 1 week later were randomized to a 6-hour intervention study of either D5W, D5W plus NO, free water, or free water plus NO. Changes in MAP over the course of the 6-hour baseline (filled circles) and intervention studies (open circles) are shown. In all 4 groups of animals, there were statistically similar small increases in MAP during the 6-hour baseline D5W infusion. Compared with an equivalent infusion of D5W with or without NO (nonhemolyzing control groups), free water-induced intravascular hemolysis caused a significant increase in MAP, which was attenuated by the concurrent inhalation of NO gas (P = 0.0003 for interaction of NO and hemolysis).
ing doses of sodium nitroprusside in the 4 treatment groups were also demonstrated for MAP, pulmonary artery pressure (PAP), heart rate (HR), central venous pressure (CVP), and pulmonary capillary wedge pressure (PCWP). In fact, all 7 hemodynamic variables demonstrated the expected ordered responses to nitroprusside (P = 0.008 for 7/7 variables having the same response pattern). These diminished responses of sodium nitroprusside during hemolysis support the hypothesis that cell-free plasma Hb consumes NO within the vasculature during intravascular hemolysis. These results may also, in part, be explained by the direct reaction of sodium nitroprusside with oxyhemoglobin (26) .
Physiologic effects of Hb infusions are attenuated by inhaled NO. In a second model using direct infusions of canine Hb preparations, plasma Hb significantly increased SVRI and pulmonary vascular resistance index (PVRI), and inhaled NO attenuated Hb-induced increases in SVRI and PVRI (Figure 8 ). In animals breathing air, plasma Hb remained predominantly oxyhemoglobin over the course of the infusion. In contrast, in animals breathing NO, the plasma Hb was converted to predominantly methemoglobin over the course of the infusion. In the animals breathing NO, there was a higher concentration of methemoglobin in the systemic arterial circulation than in the pulmonary circulation (mean difference, 4.5%; 95% confidence interval, -0.6% to 9.7%; P = 0.07), suggesting that the conversion of oxyhemoglobin to methemoglobin was occurring in the pulmonary circulation at the site of NO inhalation.
Discussion
We developed 2 canine models of intravascular hemolysis in order to obtain mechanistic insight into the relationship among cell-free plasma Hb, NO bioavailability, and the systemic manifestations that can occur with Hb-mediated NO consumption. Importantly,
Figure 4
Relationship between total cell-free plasma Hb and the physiologic effects of hemolysis and inhaled NO. Upper panels: The difference in response from 0 to 6 hours between baseline and intervention studies for each of the 4 treatment groups is shown for MAP and SVRI. In animals receiving D5W (nonhemolyzing control groups), inhaled NO had no net effect on MAP and SVRI. Compared with these nonhemolyzing controls, free water-induced intravascular hemolysis caused significant increases in MAP and SVRI, which were attenuated by the concurrent inhalation of NO gas (P = 0.0003 for interaction of NO and hemolysis for both variables). Lower panels: Relationship between change in MAP and SVRI and total plasma Hb levels (concentration in terms of heme groups) during the intervention studies in the hemolyzing groups (free water and free water plus NO groups). Despite similar total plasma Hb levels in these 2 groups, the relationships between change in MAP and SVRI and total plasma Hb levels were significantly different (P = 0.003 and P = 0.001, respectively). As total plasma Hb levels increased, MAP and SVRI increased more in the free water group than in the free water plus NO group.
Figure 5
Effects of hemolysis and inhaled NO on renal function. (A) The difference in response from 0 to 6 hours between baseline and intervention studies for each of the 4 treatment groups is shown for serum sodium levels. Compared with infusion of D5W with or without NO, free water-induced intravascular hemolysis caused a significant impairment in the ability of the kidneys to compensate for hyponatremia, which was attenuated by the concurrent inhalation of NO (P = 0.04). (B) Six-hour creatinine clearance values during the intervention studies for each of the 4 treatment groups are shown. Based on a priori hypotheses, the creatinine clearance values ordered as expected, with the free water group having the lowest clearance, the D5W and D5W plus NO groups having the highest clearances, and the free water plus NO group having an intermediate clearance approaching that of the D5W and D5W plus NO groups (P = 0.01).
in the first model, the total intravascular Hb level is unchanged; only the compartmentalization of Hb within the erythrocyte membrane is disrupted. These experiments demonstrated that hemolysis produces dose-dependent vasoconstriction and impaired renal function secondary to the stoichiometric oxidation of endogenous and exogenous NO by cell-free plasma oxyhemoglobin. Importantly, 80 ppm inhaled NO gas oxidized 85-90% of the plasma oxyhemoglobin to methemoglobin, which inhibited endogenous NO scavenging, prevented systemic vasoconstriction, and restored responsiveness to systemically infused NO donors. This observation confirms that the observed physiological effects of hemolysis are directly mediated by the dioxygenation reaction of ferrous oxyhemoglobin and NO (Reaction 1). These studies provide evidence for the existence of a syndrome of hemolysis-associated endothelial dysfunction and suggest a potential therapeutic role of inhaled NO for iatrogenic, acquired, and hereditary hemolytic diseases. Specifically, the consumption and loss of NO activity during intravascular hemolysis may contribute to clinical signs and symptoms attributable to vasomotor instability that may be ameliorated by NO gas inhalation.
The levels of plasma Hb produced in the present study (with concentration expressed in terms of heme group) are within the ranges observed in human disease states. For example, in patients with sickle cell disease, the levels of plasma oxyheme range from 2 to 20 µM, with mean levels of 4 µM (18) . During vasoocclusive crisis, levels can rise to 20-40 µM (27) . Intravascular hemolysis in patients with paroxysmal nocturnal hemoglobinuria produces abdominal pain, gastric and esophageal dystonia, and erectile dysfunction, with levels of plasma Hb ranging from 30 to 120 µM (in heme concentration) and up to 600 µM during paroxysms of hemolysis (28) . During cardiopulmonary bypass, the levels of plasma oxyheme can rise to 150 µM (29) (30) (31) (32) . The present studies suggest that these pathologically relevant levels of hemoglobinemia may be associated with endogenous NO inhibition, a vasopressor effect, and impaired organ function.
The biochemical and physiologic disturbances that occur during intravascular hemolysis are related to the disruption of diffusional barriers that typically regulate the reaction of intra-erythrocytic Hb with NO (11) (12) (13) (14) (15) (16) (17) . Cell-free plasma Hb can react with endothelial cell-produced NO at nearly diffusion-limited rates, resulting in the rapid dioxygenation of NO by Hb with the formation of nitrate and methemoglobin (6-9). These rapid reactions greatly limit the diffusion of NO from endothelium to smooth muscle. Consequently, smooth muscle guanylyl cyclase is not activated, and vascular relaxation and vasodilation are inhibited (33) . Additionally, cell-free plasma Hb can rapidly extravasate into the spaces between endothelial and smooth muscles cells and further scavenge NO, thereby prohibiting it from diffusing into smooth muscle cells (10) . This mechanism is supported by the observed decrease in hypertensive effects of the Hb-based blood substitutes as molecular weight increases (7, 23) and the decrease in NO scavenging effects of the high-molecular-weight haptoglobin-Hb complex, compared with non-haptoglobin-bound Hb (34) . We have proposed that the formation of Hb-haptoglobin high-molecularweight multimers serves to limit such extravasation during physiologic intravascular hemolysis (35) .
NO scavenging by cell-free plasma Hb may have contributed to the increased morbidity and mortality observed in studies of stroma-free Hb artificial blood substitute solutions (7) . The administration of the blood substitute solutions in preclinical and clinical trials led to pulmonary and systemic hypertension, increased systemic vascular resistance, decreased organ perfusion, gastrointestinal spasm and dysmotility, and death (7, (36) (37) (38) (39) (40) (41) (42) (43) . While studies of new generation Hb-based blood substitutes with heme pocket mutations designed to decrease the heme reactivity with NO have shown reduced vasopressor
Figure 6
Plasma NO consumption and plasma Hb levels. (A) A significantly different relationship exists between plasma NO consumption and total plasma Hb levels (concentration in terms of heme groups) in the free water and free water plus NO groups (P < 0.0001). The inset demonstrates the relationships over the entire range of measured Hb levels, whereas the main graph focuses on the physiologic range of hemolysis in human disease states. (B) Spectral deconvolution of the plasma Hb species. The upper spectrum represents reference tracings for canine oxyhemoglobin and methemoglobin. The middle and lower spectra represent characteristic samples from the free water and free water plus NO treatment groups, respectively. (C) Total plasma Hb composition in the free water and free water plus NO groups was significantly different at 6 hours (P = 0.03). In the free water group, the plasma contained predominantly oxyhemoglobin. In contrast, in the free water plus NO group, the plasma contained predominantly methemoglobin.
effects (6), other investigators have suggested that the vasoconstrictor effects of Hb-based blood substitutes occur secondarily to premature oxygen unloading at the precapillary sphincter (24, 25) . The current study provides additional evidence that NO consumption by oxyhemoglobin is a mechanism of cellfree Hb-mediated vasoconstriction and may contribute to the adverse effects observed in the blood substitute trials and during intravascular hemolysis in human disease.
In chronic hereditary hemolytic diseases such as sickle cell anemia, clinical complications such as pulmonary hypertension, priapism, leg ulcerations, and stroke may be in part related to repeated episodes of intravascular hemolysis with consequent increased NO scavenging, vasoconstriction, and end-organ hypoperfusion (18, 19, 44) . In patients with sickle cell disease, chronic hemolysis leads to the destruction of approximately 10% of the circulating erythrocytes every 24 hours, with 30% of this hemolysis estimated to be intravascular (18, 45) . The Hb scavenging system in these patients becomes saturated, as indicated by undetectable plasma haptoglobin levels, and cell-free plasma Hb accumulates, as has been demonstrated by increased levels of plasma Hb in patients with sickle cell disease compared with normal patients (18) . The plasma of these patients consumes significantly more NO than the plasma of normal patients, and the amount of NO consumption correlates with the plasma heme levels (18) . Consistent with an NO-scavenging effect of increased cell-free plasma Hb, the vasodilatory responses to nitroprusside, nitroglycerin, and other NO donors are significantly blunted in sickle cell patients and in sickle cell transgenic mouse models (18, 19, (46) (47) (48) . Scavenging of NO by cell-free plasma Hb may be involved in the pathophysiologic vasculopathy and prothrombotic state that occur in many chronic hereditary hemolytic diseases such as sickle cell disease and thalassemia (18, 19, (46) (47) (48) (49) (50) (51) (52) (53) (54) and acute hemolytic disease states, such as prolonged cardiopulmonary bypass, thrombotic thrombocytopenic purpura, and malaria. These studies provide further evidence that inhaled NO therapy may attenuate the NO-scavenging effects of cell-free plasma Hb and may be able to block the pathophysiologic changes that occur during iatrogenic (cardiopulmonary bypass) or disease-specific (sickle cell pain crisis, malaria, etc.) intravascular hemolysis in many human diseases. Further research is required to assess the contribution of hemolysis and therapeutic utility of inhaled NO therapy in hereditary and iatrogenic hemolytic disorders.
In conclusion, these data provide controlled in vivo evidence that NO scavenging by cell-free plasma Hb during intravascular hemolysis disrupts endothelial NOdependent vasomotor function and produces systemic physiologic changes and organ dysfunction, which are attenuated by inhaled NO therapy. These biochemical and physiological studies support the existence of a syndrome of hemolysis-associated endothelial dysfunction, which may contribute to the vasculopathy of hereditary, acquired, and iatrogenic hemolytic states. Furthermore, these studies support a potential therapeutic role for NO donor agents in preventing the end-organ injury associated with these disease states.
Methods
Experimental design. All experiments were approved by the Animal Care and
Use Committee of the Clinical Center of the NIH. In all, 32 purpose-bred beagles (12-28 months, 9-12 kg) were studied.
All procedures were performed after the induction of anesthesia with halothane (1-4%) and the initiation of mechanical ventilation. Once all procedures were finished, the halogenated gas was terminated, and 100% oxygen administered until the dog emerged from anesthesia. The dog was then maintained on continuous sedation with intravenous medetomidine (2-5 µg/kg/h) and received continuous intravenous analgesia with fentanyl (5-15 µg/kg/h). The animals were monitored continuously, and all signs of pain and distress were evaluated immediately and the infusions adjusted appropriately.
Model development. A canine model of free water-induced intravascular hemolysis was developed to determine the optimal dose of free water administration that produced clinically relevant levels of cell-free plasma Hb (20-300 µM heme), simulating an acute hemolytic episode. Increasing rates of free water (2, 4, 8, 16 ml/kg/h) were administered intravenously through
Figure 7
Physiologic effects of sodium nitroprusside during hemolysis with and without inhaled NO. Percent change in SVRI (A) and CI (B) in response to increasing doses of sodium nitroprusside during the intervention studies for each of the 4 treatment groups. Compared with D5W and D5W plus NO, free water-induced hemolysis led to blunted hemodynamic effects of escalating doses of sodium nitroprusside, which were restored with inhaled NO therapy and oxidation of plasma Hb (P = 0.005 and P = 0.02 for SVRI and CI, respectively). Similar but not statistically significant patterns of response to increasing doses of sodium nitroprusside in the 4 treatment groups were also demonstrated for MAP (C), PAP (D), heart rate, CVP, and PCWP. In fact, all 7 hemodynamic variables demonstrated the expected ordered responses to nitroprusside (P = 0.008 for 7/7 variables having the same response pattern). a central venous catheter to 4 animals over 6 hours in order to characterize the relationship between the rate of free water infusion and plasma concentration of cell-free Hb. Subsequent experiments were performed (n = 8) to determine the ideal control fluid to be used in the full-factorial design as well as to delineate the biochemical and pathophysiologic effects of acute intravascular hemolysis in our model. In these pilot experiments, each animal received a 6-hour baseline infusion of 1 of 2 potential control group fluids through the central venous catheter (n = 4, 0.9% sodium chloride; n = 4, D5W) followed 1 week later by a 6-hour infusion of free water through a central venous catheter. Based on these pilot experiments, a free water infusion rate of 16 ml/kg/h was chosen to achieve the desired rate of intravascular hemolysis. While there was no difference in the hemodynamic responses to either control fluid, 0.9% sodium chloride or D5W, we chose the latter to control for any potential hypotonic effects of free water infusion.
Full-factorial study design. This set of experiments examined the effects of inhaled NO gas and oxidation of plasma oxyhemoglobin to methemoglobin on the biochemical and physiologic changes caused by intravascular hemolysis. Paired experiments were performed in 20 tracheostomized animals (5 per group) and included a 6-hour baseline study with infusion of D5W through a central venous catheter followed 1 week later by a 6-hour intervention study with infusion of either D5W or free water through a central venous catheter with or without inhaled NO (Figure 1 ). All animals received 21% fraction inspired oxygen (FiO2) through tracheostomy using an air/oxygen blender. Eighty ppm NO gas with 21% FiO2 was simultaneously administered to animals randomized to receive NO therapy. In order to determine the vascular responsiveness to exogenous NO in the presence and absence of hemolysis and inhaled NO, all animals received a 20-minute infusion of escalating doses of sodium nitroprusside, a direct NO donor (1, 3, 9, and 27 µg/kg/min) at 5-minute intervals prior to the conclusion of the study.
Data collection. For all studies, femoral arterial (20-gauge) and external jugular venous (8 French) catheters (Maxxim Medical) were placed percutaneously under anesthesia using aseptic sterile technique. MAP and HR were obtained from the femoral artery catheter tracing. Additionally, a pulmonary artery thermodilution catheter (7 French; Abbott Critical Care Systems, Abbott Laboratories) was introduced through the external jugular vein catheter in order to obtain cardiac output (CO), CI, PAP, PCWP, and CVP measurements. Urinary catheters (12 French) were placed during each study under anesthesia using aseptic technique. All catheter placements were performed under general anesthesia. At the end of the first week's fluid control experiments, all catheters were removed, and the animals recovered. At the end of the second week's intervention experiments, all animals were euthanized.
In all experiments, hemodynamic measurements (MAP, CVP, PAP, CO, and PCWP) and laboratory studies (analysis of Hct, Hb, and serum chemistries; arterial blood gas analysis; spectrophotometric-based quantification of cell-free Hb concentration; and chemiluminescence-based assays of NO consumption) were obtained at 0-, 1.5-, 3.0-, 4.5-, and 6.0-hour time points. Urine was collected from 0 to 6 hours to measure 6-hour creatinine clearances. Hemodynamic measurements were also obtained at the end of each 5-minute interval of sodium nitroprusside infusion at doses of 1, 3, 9, and 27 µg/kg/min.
Figure 8
Effects of Hb infusions with and without inhaled NO. Infusion of cell-free Hb led to increases in SVRI and pulmonary vascular resistance index that were attenuated by inhaled NO (A and B) . In animals breathing air (n = 2), the cell-free Hb remained predominantly oxyhemoglobin (C). In contrast, in animals breathing NO (n = 2), the cell-free Hb was converted to methemoglobin (D).
Confirmatory Hb infusion experiments. The contribution of cell-free Hb to
the physiologic findings in our water infusion model cannot be completely isolated, because this model simulates an acute episode of intravascular hemolysis with the release of erythrocyte membrane and all cellular contents into the plasma. Also, the hypotonic swelling of the erythrocytes in our model does not always lead to cell lysis and may have contributed to the physiologic alterations in our model. Therefore, to confirm and extend the findings of the intravascular water infusion model, additional experiments were performed with infusion of 99% pure Hb solutions directly into the animals. Canine whole blood was collected and diluted with PBS buffer (1:2). The blood was frozen and thawed 3 times and then centrifuged at 82,000 g for 1 hour at 4°C to remove the membrane fraction. The supernatant was collected and filtered (0.22 µM). Hb concentrations were measured, and the solutions were stored at 4°C until infusion. Prior to infusion, each solution underwent a second filtration (0.22 µM). These additional experiments allowed for direct measurements of the physiologic and biochemical effects of cell-free Hb infusion with and without inhaled NO exposure. Hb solutions were infused into animals breathing air (n = 2) or 80 ppm NO (n = 2) for 1 hour. Serial physiologic and biochemical measurements were obtained.
Plasma Hb, NO consumption, and haptoglobin assays. The ability of plasma to consume NO was measured with a previously published and validated NO consumption assay using an NO chemiluminescence analyzer (Sievers 280i NO analyzer; GE Analytical Instruments) as previously described (35) . Total plasma Hb concentration (expressed in terms of heme groups; division by 4 gives Hb concentration) was measured by visible absorbance spectrophotometry (HP8453 UV-Vis Diode Array Spectrophotometer; Hewlett-Packard). The concentrations of oxyhemoglobin and methemoglobin were analyzed by deconvoluting the spectrum into components from basis spectra of canine Hb composed of oxyhemoglobin and methemoglobin in PBS buffer using a least-square method similar to that previously described, with subtraction of background plasma scattering (55) . Plasma haptoglobin levels were measured using a polyclonal anti-human haptoglobin antibody (Sigma-Aldrich) as previously described (18) .
Statistics. Pilot data were analyzed using ANOVA, with main effects for study (baseline and hemolysis), time, and animal, and a 2-way interaction between study and time. The full-factorial treatment experiments were analyzed using ANOVA, with main effects for study (baseline and intervention), 4 treatment arms, time, and animal (nested within each of the 4 arms). Two- and 3-way interactions, not involving animal, were included in the model. Analysis of responses to sodium nitroprusside were performed using ANOVA on percent change in hemodynamic variables with increasing dose in the intervention study with main effects for the 4 treatment arms, dose, and animal (nested within each of the 4 arms). Two-way interactions, not involving animal, were included in the model. Analysis of differences in creatinine clearance during the intervention study was performed using a nonparametric test for ordered alternatives based on the a priori hypothesis that free water would decrease creatinine clearance and that inhaled NO would attenuate this decrease (Jonckheere-Terpstra test) (56) . Comparisons of the 2 groups of animals in the confirmatory Hb infusion experiments were performed with ANOVA with main effects for treatment group and time and a 2-way interaction term. All values are represented in the figures as mean ± SEM, and all Hb concentrations are expressed in terms of heme groups. P < 0.05 was considered statistically significant.
